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Hypoxia, a typical feature of solid tumor microenvironments, is associated with aberrantly accelerated proliferation of cancer cells and has, therefore, received extensive attention as an inducer of metastasis.[1](#cas12773-bib-0001){ref-type="ref"}, [2](#cas12773-bib-0002){ref-type="ref"} Hypoxia is capable of stabilizing the hypoxia‐inducible factor‐1α (HIF‐1α) protein, which is ubiquitylated by an E3‐ubiquitin ligase, pVHL, under normoxic conditions. The stabilized HIF‐1α then makes a heterodimer with HIF‐1β (alternatively termed Arnt) to transcriptionally regulate hypoxia target genes involved in metastasis, angiogenesis, epithelial‐to‐mesenchymal transition (EMT), and histone demethylation.[3](#cas12773-bib-0003){ref-type="ref"}, [4](#cas12773-bib-0004){ref-type="ref"}, [5](#cas12773-bib-0005){ref-type="ref"} Thus, elucidating the molecular mechanisms for the physiological actions linked to hypoxia is important for understanding tumor progression.

To detect hypoxic regions, immunohistochemical analysis is performed with an anti‐HIF‐1α antibody and/or a hypoxic marker, pimonidazole, which binds to thiol‐containing proteins. However, HIF‐1α‐positive cells do not always overlap with the regions stained with pimonidazole.[6](#cas12773-bib-0006){ref-type="ref"}, [7](#cas12773-bib-0007){ref-type="ref"} Therefore, a fluorescence protein reporter combined with a hypoxia‐responsive element (HRE) might be a good tool for monitoring HIF‐1α‐positive cells. Such a system allows us to detect hypoxic regions in tumors in real time because the fluorescence intensity is inversely correlated with the oxygen tension in this system.[8](#cas12773-bib-0008){ref-type="ref"}

The TGF‐β family is a family of multifunctional cytokines required for both normal embryonic development and homeostasis of adult tissues.[9](#cas12773-bib-0009){ref-type="ref"}, [10](#cas12773-bib-0010){ref-type="ref"} The TGF‐β family transduces its signal to the nucleus through the formation of heteromeric receptor complexes between specific type I and type II serine/threonine kinase receptors known as the TGF‐β type I (TβRI; also termed activin receptor‐like kinase‐5 \[ALK5\]) and type II receptors (TβRII), respectively. Acting downstream of TβRII, ALK5 phosphorylates two serine residues at the extreme C‐terminal end of receptor‐regulated Smads (R‐Smads; i.e. Smad2 and Smad3), which play crucial roles in canonical TGF‐β signaling. Subsequently, two activated R‐Smads bind to a common partner Smad, Smad4, to make a ternary complex and accumulate in the nucleus, where they act as transcriptional regulators to govern TGF‐β target genes.

The TGF‐β family potentiates cytostatic actions through the inhibition of *c‐myc* expression and induction of the cyclin‐dependent kinase (CDK) inhibitors *p15* and *p21*.[10](#cas12773-bib-0010){ref-type="ref"} These CDK inhibitors keep the cell cycle at G1 arrest. Although loss of cytostatic actions seems to be an essential step of tumor progression, several cancer cells still possess TGF‐β signaling pathways other than that for cytostatic actions. Indeed, a number of malignant tumors produce excessive amounts of TGF‐β, which are required by the tumor in the later stages of tumorigenicity, through induction of the EMT mediated by Twist, Snail and Slug.[11](#cas12773-bib-0011){ref-type="ref"} Thus, growing lines of evidence indicate that TGF‐β influences tumor‐associated microenvironments so that tumor cells ultimately acquire malignant transformation.

In the present study, we examined how hypoxia affects TGF‐β signaling in LLC cells. In addition, we examined the effects of TGF‐β signaling in tumor tissue *in vivo*. Interestingly, TGF‐β signaling was augmented in LLC cells under the hypoxic condition.

Materials and Methods {#cas12773-sec-0002}
=====================

Cell culture {#cas12773-sec-0003}
------------

Lewis lung carcinoma (LLC) cells were cultured in DMEM (Nacalai Tesque, Kyoto Japan) containing 10% FCS (Invitrogen, Carlsbad, CA, USA), 1× MEM Non‐Essential Amino Acids Solutio (Sigma, St. Louis, MO, USA) and 100 U/mL penicillin/streptomycin. To obtain stable transformants, the LLC cells were maintained in DMEM containing 10% FCS and 1200 μg/mL hygromycin B (Wako, Tokyo, Japan).

Transcriptional reporter assays {#cas12773-sec-0004}
-------------------------------

One day before transfection, the LLC cells were seeded at 1 × 10^5^ cells/well in 12‐well plates. The cells were transfected the indicated reporter construct and pCH110 (GE Healthcare, Uppsala, Sweden) using 2.5 mg/mL polyethyleneimine (Polysciences, Warrington, PA, USA). Where indicated, 5 ng/mL TGF‐β was added to the wells 24 h after transfection. Subsequently, the cells were cultured in DMEM containing 0.3% FCS for 18 h. The lysates were prepared and the luciferase and beta‐galactosidase activities were then measured. For all experiments, the values for luciferase and β‐galactosidase activities were corrected for differences in transfection efficiency by normalizing each luciferase value to the corresponding value for beta‐galactosidase. Each transfection was carried out in triplicate and repeated at least twice. Values are presented as the means ± SD (*n* = 3).

Antibodies {#cas12773-sec-0005}
----------

Antibodies were obtained from the following sources: mouse monoclonal anti‐GFP antibody from Wako; mouse anti‐β‐actin monoclonal antibody from Sigma; mouse anti‐Smad2/3 antibody from BD Transduction Laboratories (San Jose, CA, USA); rabbit polyclonal anti‐Smad4 and anti‐ALK5 antibodies from Santa Cruz Biotechnology (Santa Cruz, CA, USA); rabbit polyclonal anti‐cleaved caspase‐3 antibody from Cell Signaling Technology (Danvers, MA USA); and rabbit polyclonal anti‐Ki‐67 antibody from Leica (Newcastle, UK). Rabbit polyclonal anti‐phosphorylated Smad2 (PS2) and anti‐Smad2 antibodies were prepared in‐house.[12](#cas12773-bib-0012){ref-type="ref"}

Immunoprecipitation and western blot analysis {#cas12773-sec-0006}
---------------------------------------------

Immunoprecipitation and western blot analysis was performed as described previously.[13](#cas12773-bib-0013){ref-type="ref"}, [14](#cas12773-bib-0014){ref-type="ref"} Briefly, 1 day before the starvation, LLC cells under either normoxia or hypoxia were seeded at 5 × 10^5^ cells/well in 6‐cm plates. Then, the cells were cultured in DMEM containing 0.3% FCS for 18 h, followed by stimulation of cells with 5 ng/mL TGF‐β for 1 h. Subsequently, cells were lysed in 500 μL TNE buffer (10 mM Tris \[pH 7.4\]; 150 mM NaCl; 1 mM EDTA; 1% NP‐40; 1 mM PMSF; 5 μg/mL leupeptin; 100 U/mL aprotinin; 2 mM sodium vanadate; 40 mM NaF; and 20 mM β‐glycerophosphate). The cell lysate were immunoprecipitated with anti‐Smad2/3 antibody and ProteinG‐Sepharose 4B beads, and boiled for 10 min in sample buffer. The samples were separated by SDS‐PAGE and transferred to Hybond‐C Extra membranes (GE Healthcare). The membranes were probed with the indicated antibodies. Primary antibodies were detected with HRP‐conjugated goat anti‐rabbit or anti‐mouse IgG antibody (GE Healthcare) with chemiluminescent substrate (Thermo Scientific, Rockford, IL, USA).

Detection of apoptotic cells {#cas12773-sec-0007}
----------------------------

As a positive control, LLC cells (1 × 10^6^ cells/10 cm dish) were stimulated with 0.4 mM H~2~O~2~ in DMEM containing 0.3% FCS for 24 h. Then, cell lysates were used for western blot analysis. To analyze apoptotic cells using a cell sorter (SH800; Sony, Tokyo, Japan), LLC cells were trypsinized and fixed with ice‐cold 70% ethanol for 30 min at 4°C. After cells were resuspended with PBS containing 40 μg/mL RNase A and 8 μg/mL propidium iodide, the apoptotic cells were measured. Data were analyzed using FlowJo software (Tree Star, San Carlos, CA, USA).

Transforming growth factor‐β1 ELISA {#cas12773-sec-0008}
-----------------------------------

The amounts of TGF‐β1 in the culture supernatants were determined using the mouse TGF‐β1 ELISA kit (R&D Systems, Minneapolis, MI, USA) according to the manufacturer\'s instructions. After LLC cells (5 × 10^5^ cells/6 cm dish) were cultured with 3 mL of PANSERIN 401 serum free medium (PAN Biotech, Passau, Germany) for 24 h, media were collected. For determination of the total TGF‐β1 concentrations, media were treated according to the method of an acidification procedure prior to the ELISA assay.

Hypoxic tumor studies *in vivo* {#cas12773-sec-0009}
-------------------------------

Lewis lung carcinoma cells carrying p5HRE‐EGFP (LLC/HIFGFP‐3 cells; 2.5 × 10^5^ cells per 100 μL in 0.9% NaCl) were transplanted subcutaneously into C57BL/6 mice. The mice were killed 14 days after inoculation. Then, the transplanted tumor grafts were removed, embedded into NEG 50 (Thermo Scientific) and frozen in liquid nitrogen for sectioning.

Immunofluorescence and histology {#cas12773-sec-0010}
--------------------------------

Frozen sections (10 μm) were cut with a CM1850 cryostat (Leica), mounted on Cryofilm (Leica) and fixed in 100% ethanol. The films were washed three times with PBS, permeabilized with 0.1% Triton X‐100 (Sigma) for 10 min, and blocked with Blocking Reagent (PerkinElmer, Boston, MA) for 1 h at 37°C. Mouse anti‐GFP (1:200) and rat anti‐PECAM1 (1:200) antibodies in Blocking Reagent were added and incubated for 1 h at 37°C. The films were washed three times with PBS and then incubated with Alexa488‐conjugated goat anti‐mouse IgG (Molecular Probes, Eugene, OR, USA) or Alexa594‐conjugated goat anti‐rabbit IgG (Molecular Probes) antibody at 1:200 for 1 h at room temperature. After the nuclei were stained with 2 μg/mL DAPI for 10 min, the samples were washed three times with distilled water, and the fluorescence signals were visualized by confocal microscopy (Olympus, Tokyo, Japan).

RNA isolation and RT‐PCR {#cas12773-sec-0011}
------------------------

The LLC cells were seeded at 3 × 10^5^ cells/dish in 6 cm dishes 1 day before the experiments. The cells were starved overnight with DMEM containing 0.3% FCS and stimulated with or without 5 ng/mL TGF‐β for the indicated times. Total RNA was isolated using the ReliaPrep RNA Cell Miniprep System (Promega, Madison, WI, USA). Reverse transcription was carried out with the PrimScript II First Strand, Osaka, Japan cDNA Synthesis Kit (Takara, Ohtsu, Japan). RT‐PCR was performed with BlendTaq (TOYOBO). β‐actin was used as an internal control. The primer sequences used are described in Table [1](#cas12773-tbl-0001){ref-type="table-wrap"}.

###### 

PCR conditions to amplify each cDNA

  Primer    Sequence (5′--3′)           Annealing temperature (°C)   Cycle   Length (bp)   
  --------- --------------------------- ---------------------------- ------- ------------- -----
  Tgf‐β1    F:                          AGGAGACGGAATACAGGGCT         60      25            482
  R:        CCACGTAGTAGACGATGGGC                                                           
  Smad7     F:                          AAGTGTTCAGGTGGCCGGATCTCAG    60      25            205
  R:        ACAGCATCTGGACAGCCTGCAGTTG                                                      
  Snail     F:                          AGGACAGTGGCAAAAGCTCCCA       60      25            381
  R:        AGCGGTCAGCAAAAGCACGGTT                                                         
  p21       F:                          CTAGGGGAATTGGAGTCAGGC        60      25            413
  R:        GAGTGCAAGACAGCGACAAG                                                           
  ALK5      F:                          TTGCTGCAATCAGGACCACTGC       60      27            189
  R:        ACACGGTGGTGAATGACAGTGC                                                         
  β‐Actin   F:                          TGAACCCTAAGGCCAACCGTG        60      22            396
  R:        GCTCATAGCTCTTCTCCAGGG                                                          

John Wiley & Sons, Ltd

Proximity ligation assay {#cas12773-sec-0012}
------------------------

The proximity ligation assay (PLA) method has been described previously.[15](#cas12773-bib-0015){ref-type="ref"} To visualize the fluorescence, a confocal microscope (Olympus) was used.

Statistical analyses {#cas12773-sec-0013}
--------------------

Statistically significant differences were determined using the *t*‐test. Probability values below 0.05 were considered significant.

Ethical conduct of animal experiments {#cas12773-sec-0014}
-------------------------------------

All animal experiments were approved by the Animal Research Committee of Tokyo University of Pharmacy and Life Sciences (Tokyo, Japan) and performed in accordance with the university\'s animal experiment guidelines.

Results {#cas12773-sec-0015}
=======

Effect of hypoxia on Lewis lung carcinoma cell morphology {#cas12773-sec-0016}
---------------------------------------------------------

To test whether hypoxia affects the LLC cell morphology, LLC cells were cultured under hypoxic conditions (1% O~2~) for the indicated times. While under hypoxia, the cells were passaged every other day at 3 × 10^5^ cells/6 cm dish. Photographs were taken 0, 2, 6 and 10 days after subjection to hypoxia (Fig. [1](#cas12773-fig-0001){ref-type="fig"}a). Under hypoxia, the morphology of the LLC cells gradually altered to become spindle‐shaped, the shape typically exhibited by malignant cells (Fig. [1](#cas12773-fig-0001){ref-type="fig"}b). Because it has been reported that hypoxia increase apoptosis,[16](#cas12773-bib-0016){ref-type="ref"}, [17](#cas12773-bib-0017){ref-type="ref"} we investigated whether hypoxia affects survival of LLC cells. However, we could not detect any apoptotic responses in either normoxic or hypoxic condition (Fig. [1](#cas12773-fig-0001){ref-type="fig"}c,d). Because it took 10 days for the LLC cells to become completely spindled, the following experiments were performed using LLC cells kept under hypoxia for more than 14 days.

![Effect of hypoxia on cell morphology. (a) Time schedule of experiment. (b) Photographs of morphology under either normoxia or hypoxia. Lewis lung carcinoma (LLC) cells were cultured under the normoxic or hypoxic condition. Cells were passaged every other day at 3 × 10^5^ cells/6 cm dish. For each condition, photographs were taken. Ph, date when each photo was taken; SC, date when cells were subcultured. (c) Expression of cleaved caspase‐3 (CC3) in LLC cells. Cells were cultured in either normoxic or hypoxic conditions. As a positive control, LLC cells were treated with 0.4 mM H~2~O~2~ in DMEM containing 0.3% FCS for 24 h in normoxic condition. Anti‐CC3 (upper panel) and anti‐β‐actin antibodies (lower panel) were used for western blot analysis. (d) Quantification of apoptotic cells. LLC cells cultured under normoxia (left panel) and hypoxia (right panel) were stained with propidium iodide before analysis by FACS.](CAS-106-00000000001524-g001){#cas12773-fig-0001}

Effect of hypoxia on transforming growth factor‐β/Smad signaling {#cas12773-sec-0017}
----------------------------------------------------------------

To examine the effect of hypoxia on TGF‐β signaling, Smad phosphorylation induced upon TGF‐β stimulation was investigated. After LLC cells cultured under hypoxia had been starved for 16 h, they were stimulated with TGF‐β for the indicated times (Fig. [2](#cas12773-fig-0002){ref-type="fig"}a,b). Phosphorylation of Smad2 was seen 1 h after the TGF‐β treatment and then decreased over time under both normoxic and hypoxic conditions. Interestingly, the cells under hypoxia strongly responded to TGF‐β as compared with those under normoxia. Furthermore, we explored the effect of hypoxia on BMP signaling as well (Fig. S1a). Like TGF‐β, BMP‐induced phosphorylation of Smad1/5 in hypoxic condition was stronger than that in normoxic condition. Therefore, we tested the effect of hypoxia on the activity of the Smad‐dependent (CAGA)~12~‐luc reporter.[18](#cas12773-bib-0018){ref-type="ref"} LLC cells under hypoxia showed higher induction of luciferase activity than did those under normoxia (Fig. [2](#cas12773-fig-0002){ref-type="fig"}c). Consistent with these results, LLC cells transfected with the (SBE)~4~‐luc reporter[19](#cas12773-bib-0019){ref-type="ref"} also exhibited increased induction of reporter activity upon TGF‐β and BMP stimulation under hypoxia in comparison with those under normoxia (Figs [2](#cas12773-fig-0002){ref-type="fig"}d,S1b). In contrast, Heikkinen *et al*.[20](#cas12773-bib-0020){ref-type="ref"} report opposite results using the (CAGA)~12~‐luc reporter. Curiously, they cultured cells in 1% oxygen for 16 h before TGF‐β stimulation for the Smad phosphorylation and reporter assay. Thus, we analyzed the effect of short‐term hypoxia exposure on LLC cells. After the cells had been exposed to hypoxia for 16 h, they were stimulated with TGF‐β for the indicated times (Fig. [2](#cas12773-fig-0002){ref-type="fig"}e,f). To our surprise, TGF‐β induced Smad2 phosphorylation was decreased under hypoxia. Similarly, when we performed the reporter assay using LLC cells exposed to hypoxia for 16 h before 8 h treatment of cells with TGF‐β, the hypoxic condition showed an inhibitory effect on TGF‐β‐induced transcriptional activity, unlike long‐term exposure of the cells to hypoxia (Fig. [2](#cas12773-fig-0002){ref-type="fig"}g). These results suggested that hypoxia maintained over a long time led LLC cells to enhance TGF‐β‐mediated responses via Smad phosphorylation.

![Effect of hypoxia on transforming growth factor‐β (TGF‐β)/Smad signaling. (a) Effect of long‐term hypoxia on TGF‐β‐induced Smad2 phosphorylation. Lewis lung carcinoma (LLC) cells maintained under hypoxia for 14 days were stimulated with 5 ng/mL TGF‐β for 1, 2, 4, 8, 12, 16 and 24 h. These cells were lysed and subjected to western blot analysis using PS2 (upper panel) and anti‐Smad2 antibody (lower panel). (b) Quantification for TGF‐β‐induced Smad2 phosphorylation under long‐term hypoxia. The intensity of Smad2 phosphorylation (a; upper panel) was normalized using the intensity of the band corresponding to Smad2 (a; lower panel). Each relative intensity was calculated by comparing it with the value for cells which are treated with TGF‐β for 1 h under normoxia. (c) Comparison of TGF‐β‐mediated (CAGA)~12~‐luc reporter activity between normoxia and long‐term hypoxia. LLC cells maintained under hypoxia for more than 14 days were transiently transfected with the (CAGA)~12~‐luc reporter and stimulated with 5 ng/mL TGF‐β for 16 h. The value from cells in the presence of TGF‐β in each condition was normalized using that in the absence of TGF‐β in each condition. (d) Comparison of TGF‐β‐mediated (SBE)~4~‐luc reporter activity between normoxia and long‐term hypoxia. All experiments except for (SBE)~4~‐luc reporter instead of (CAGA)~12~‐luc reporter were carried out according to (c). (e) Effect of short‐term hypoxia on TGF‐β‐induced Smad2 phosphorylation. LLC cells maintained under hypoxia for 16 h were stimulated with 5 ng/mL TGF‐β for 1, 2, 4 and 8 h. These cells were lysed and subjected to western blot analysis using PS2 (upper panel) and anti‐Smad2 antibody (lower panel). (f) Quantification for TGF‐ β‐induced Smad2 phosphorylation under short‐term hypoxia. Normalization was performed according to (b). (g) Comparison of TGF‐β‐mediated (CAGA)~12~‐luc reporter activity between normoxia and short‐term hypoxia. LLC cells maintained under hypoxia for 16 h were transiently transfected with (CAGA)~12~‐luc and stimulated with 5 ng/mL TGF‐β for 16 h. Experiments were performed according to (c). (h) Comparison of TGF‐β‐mediated p5HRE‐luc reporter activity between normoxia and long‐term hypoxia. All experiments except for p5HRE‐luc instead of (CAGA)~12~‐luc were carried out according to (c).](CAS-106-00000000001524-g002){#cas12773-fig-0002}

Because stabilized HIF‐1α under hypoxia accumulates in the nucleus where HIF‐1α makes a heteromeric complex with HIF‐1β to bind to an HIF‐1 responsive element (HRE) within HIF‐1 target genes such as VEGF, we supposed that TGF‐β signaling might affect HIF‐1 signaling. To explore this possibility, LLC cells transfected with a p5HRE‐luc reporter[21](#cas12773-bib-0021){ref-type="ref"} were stimulated with TGF‐β. However, no obvious enhancement was seen in the LLC cells upon TGF‐β stimulation under hypoxia, although this reporter activity under hypoxia was remarkably higher than that under normoxia (Fig. [2](#cas12773-fig-0002){ref-type="fig"}h). Taken together, these results indicate that hypoxia potentiates TGF‐β/Smad signaling, although TGF‐β does not affect HIF‐1α signaling.

It is known that R‐Smads can make a complex with Smad4 upon TGF‐β stimulation.[22](#cas12773-bib-0022){ref-type="ref"}, [23](#cas12773-bib-0023){ref-type="ref"} Thus, we examined the endogenous interaction between Smad2/3 with Smad4 in LLC cells under either normoxia or hypoxia upon TGF‐β stimulation. As expected, endogenous interaction between Smad2/3 and Smad4 in LLC cells under hypoxia could be obviously detected compared with that under normoxia (Fig. [3](#cas12773-fig-0003){ref-type="fig"}a). We used the *in situ* PLA method to further confirm the endogenous interaction between Smad2/3 and Smad4.[24](#cas12773-bib-0024){ref-type="ref"} Without TGF‐β stimulation, the Smad2/Smad4 (Fig. [3](#cas12773-fig-0003){ref-type="fig"}b) complexes were hardly detected, as reflected by red dots in the LLC cells under normoxia, whereas a few red dots could be detected in LLC cells under hypoxia without TGF‐β stimulation. In contrast, more red dots could be observed in the LLC cells under hypoxia 30 min after TGF‐β stimulation than in those under normoxia.

![Enhancement of the R‐Smads/Smad4 complex under hypoxia. (a) Endogenous interaction between Smad2/3 and Smad4 upon transforming growth factor‐β (TGF‐β) stimulation under hypoxia. Lewis lung carcinoma (LLC) cells cultured under either normoxia or hypoxia for 14 days were stimulated with or without 5 ng/mL TGF‐β for 1 h and cell extracts were used for immunoprecipitation (IP) with anti‐Smad2/3 antibody. After blotting the samples on the membrane, the anti‐Smad4 antibody was used for western blot analysis. (upper panel) Interaction between Smad2/3 and Smad4, (lower panel) expression of Smad2/3 in immunoprecipitates with anti‐Smad2/3 antibody. (b) Interaction between Samd2 and Samd4 using proximity ligation assay (PLA) method. LLC cells cultured under hypoxia for 14 days were stimulated with 5 ng/mL TGF‐β for 30 min. After fixation, Smad2/Smad4 complex formation was determined by PLA method. The heteromeric complex was visualized using hybridization probes labeled with Alexa 555 (red). The nuclei were stained with DAPI (blue). Photos taken with phase contrast microscopy are also displayed.](CAS-106-00000000001524-g003){#cas12773-fig-0003}

Upregulation of transforming growth factor‐β/Smad target genes under hypoxia {#cas12773-sec-0018}
----------------------------------------------------------------------------

Since it is already known that hypoxia upregulates the expression of the TGF‐β1 gene in hematopoietic stem cells,[25](#cas12773-bib-0025){ref-type="ref"} we attempted to confirm the induction of mRNA expression of the TGF‐β1 gene under hypoxic conditions. Hypoxia increased basal TGF‐β1 mRNA expression, whereas TGF‐β did not induce its expression (Fig. [4](#cas12773-fig-0004){ref-type="fig"}a). When we investigated the expression of Smad7, Snail and p21, which are known to be direct target genes of the TGF‐β/Smad pathway, hypoxia augmented the TGF‐β‐induced transcription of the Smad7 and Snail genes more potently than did normoxia. In contrast, we were unable to detect induction of p21 mRNA by TGF‐β under hypoxia because of considerably high basal expression of p21 mRNA under hypoxia (Fig. [4](#cas12773-fig-0004){ref-type="fig"}a).

![Effect of hypoxia on transforming growth factor‐β (TGF‐β)‐mediated responses. (a) Expression of TGF‐β target genes under either normoxia or hypoxia. Lewis lung carcinoma (LLC) cells cultured under hypoxia for 14 days were stimulated with 5 ng/mL TGF‐β for 1, 2, 4, 8, 12, 16 and 24 h. Total RNA from these cells were subjected to quantitative RT‐PCR for TGF‐β1 (upper panel), Smad7 (second panel), Snail (third panel), p21 (fourth panel) and β‐actin mRNAs (internal control; bottom panel). Each expression was normalized using the intensity of the band corresponding to β‐actin. Inducibility was calculated relative to the value for cells in the absence of TGF‐β. (b) Wound healing assay in the presence or absence of TGF‐β under hypoxia. LLC cells cultured under normoxia or hypoxia for 14 days were stimulated with or without 5 ng/mL TGF‐β for 24 h. Photos were taken 8 and 24 h after TGF‐β stimulation. Results representative of three independent experiments are shown. (c) Quantification for TGF‐β‐mediated cell migration under long‐term hypoxia. Each migration distance in (b) was measured. Data are presented as means ± SD (*n* = 3).](CAS-106-00000000001524-g004){#cas12773-fig-0004}

Next, we used a wound healing assay to examine whether hypoxia potentiates TGF‐β‐mediated cell motility. Under normoxia, LLC cells moved to fill in the wound area, but TGF‐β stimulation did not alter the velocity of cell motility. In contrast, LLC cells cultured under hypoxia showed higher migratory potency upon TGF‐β stimulation (Fig. [4](#cas12773-fig-0004){ref-type="fig"}b,c).

Increased ALK5 expression under hypoxia {#cas12773-sec-0019}
---------------------------------------

To investigate the mechanism for the enhancement of TGF‐β signaling under hypoxia, we explored the expression of ALK5 and TGF‐β1 mRNA at several time points after LLC cells were kept in hypoxic condition. As shown in Figure [5](#cas12773-fig-0005){ref-type="fig"}(a), the RNA expressions of ALK5 and TGF‐β1 were increased over time. We also observed increased expression of ALK5 (Fig. [5](#cas12773-fig-0005){ref-type="fig"}b) and TGF‐β1 proteins (Fig. [5](#cas12773-fig-0005){ref-type="fig"}c) in LLC cells under hypoxia by western blot analysis and ELISA assay, respectively. Collectedly, long‐term culture under hypoxia augments ALK5 as well as TGF‐β1 expression in LLC cells to potentiate TGF‐β/Smad signaling.

![Enhancement of ALK5 and transforming growth factor‐β (TGF‐β) expression under hypoxia. (a) Expression of ALK5 and TGF‐β1 mRNA under hypoxia. Lewis lung carcinoma (LLC) cells were exposed to hypoxia for indicated periods. Then, total RNA from cells at each time point was prepared. RT‐PCR was performed using specific primers. (upper panel) ALK5 (middle panel), TGF‐β1 and (lower panel) β‐actin mRNA. (b) Protein expression of ALK5 under hypoxia. LLC cells were exposed to hypoxia for indicated periods. Then, they were lysed and subjected to western blot analysis using anti‐ALK5 (upper panel) and anti‐β‐actin antibodies (lower panel). (c) Secretion of TGF‐β1 from LLC cells under hypoxia. LLC cells were exposed to hypoxia for indicated periods. Then, concentration of TGF‐β1 in medium was measured using ELISA assay.](CAS-106-00000000001524-g005){#cas12773-fig-0005}

Upregulation of transforming growth factor‐β/Smad signaling *in vivo* {#cas12773-sec-0020}
---------------------------------------------------------------------

To visualize the activity of HIF‐1α, LLC cells were stably transfected with p5HRE‐EGFP, which has five hypoxia‐responsive elements upstream of the reporter gene.[26](#cas12773-bib-0026){ref-type="ref"} Thus, these transformants become EGFP‐positive when HIF‐1α becomes stabilized in the nucleus upon hypoxia. After selection with hygromycin B, these transformants were cultured under hypoxia for 16 h. As shown in Figure [6](#cas12773-fig-0006){ref-type="fig"}(a), clone 3 (termed LLC/HIF‐EGFP‐3) showed the highest GFP expression among the six stable transformants. Therefore, the LLC/HIF‐EGFP‐3 clone was used for the subsequent experiments. To confirm the GFP expression induced by HIF‐1α signaling, LLC/HIF‐EGFP‐3 was cultured either under hypoxia or in the presence of 100 μM CoCl~2~, which can activate HIF‐1α (Fig. [6](#cas12773-fig-0006){ref-type="fig"}b).

![Detection of hypoxia‐mediated enhancement of transforming growth factor‐β (TGF‐β) signaling *in vivo*. (a) Stable expression of p5HRE‐GFP in Lewis lung carcinoma (LLC) cells. The p5HRE‐EGFP reporter was stably transfected into LLC cells. The expression of GFP under hypoxia was subjected to western blot analysis using anti‐GFP antibody. LLC/HIF‐EGFP‐3 cells showed the highest expression of GFP among the clones examined. (b) Expression of GFP under hypoxia. LLC/HIF‐EGFP‐3 cells were cultured under hypoxia for 14 days or in the presence of CoCl~2~ for 24 h. Nuclei were stained blue. (c) Overlap of hypoxic area with high active region of TGF‐β signaling in implanted LLC/HIF‐EGFP‐3 cells. LLC/HIF‐EGFP‐3 cells were transplanted subcutaneously into C57/BL6 mice. Fourteen days after the transplantation, the tumors were removed. Subsequently, the sections from the tumors were stained with anti‐GFP antibody (green), anti‐phosphorylated Smad2 (PS2) (red) and DAPI (blue). (d) Less overlap of hypoxic area with proliferative region in implanted LLC/HIF‐EGFP‐3 cells. The sections shown in (c) were stained with anti‐GFP antibody (green), anti‐Ki‐67 antibody (red) and DAPI (blue).](CAS-106-00000000001524-g006){#cas12773-fig-0006}

Then, we implanted LLC/HIFGFP‐3 cells subcutaneously into C57BL/6 mice. Fourteen days after implantation, the subcutaneous tumors were excised for preparation of fresh‐frozen sections. When stained with anti‐GFP and anti‐phosphorylated Smad2 (PS2) antibodies, the GFP‐positive area overrode the PS2‐positive area. These results indicate that hypoxia is involved in Smad2 phosphorylation (Fig. [6](#cas12773-fig-0006){ref-type="fig"}c).

The expression of p21 under hypoxia was enhanced under the hypoxic condition (Fig. [4](#cas12773-fig-0004){ref-type="fig"}a). Thus, we next examined whether hypoxia affects cell growth *in vivo*. The transplanted tumor sections shown in Figure [6](#cas12773-fig-0006){ref-type="fig"}(c) were stained with anti‐Ki‐67 antibody, which can detect proliferating cells. The areas in which high GFP expression could be seen (green) exhibited low Ki‐67 expression (red) (Fig. [6](#cas12773-fig-0006){ref-type="fig"}d).

Discussion {#cas12773-sec-0021}
==========

A vascular system is necessary for solid tumors to grow more than 2 mm in diameter. Thus, solid tumors not supplied by a vascular system often become hypoxic because oxygen diffusion is limited. To protect against cell death due to oxygen depletion, cancer cells stabilize HIF‐1, which induces expression of numerous target genes related to angiogenesis and metastasis. Therefore, tumor hypoxia represents a pivotal angiogenic signal for proliferation of tumors. Among angiogenic factors, VEGF, which is frequently secreted from not only cancer cells but also normal tissues, is a main actor implicated in tumor angiogenesis. Besides VEGF, TGF‐β is also involved in angiogenic responsiveness and malignant transformation.[27](#cas12773-bib-0027){ref-type="ref"}, [28](#cas12773-bib-0028){ref-type="ref"}, [29](#cas12773-bib-0029){ref-type="ref"}, [30](#cas12773-bib-0030){ref-type="ref"} However, the relationship between the hypoxic and TGF‐β/Smad signals has not yet been understood clearly. In the present study, we showed that long‐term exposure of LLC cells to hypoxia elevated both TGF‐β‐mediated and BMP‐mediated R‐Smad phosphorylations to affect transcriptional activity upon TGF‐β family stimulation. Furthermore, single cell analysis indicated that the TGF‐β‐induced association between R‐Smad and Smad4 in LLC cells could be detected under the hypoxic condition at a higher extent than under the normoxic condition. Thus, these data indicate that hypoxia definitely enhances TGF‐β/Smad signaling. Since it has been reported that hypoxia induces the expression of ALK5,[31](#cas12773-bib-0031){ref-type="ref"} we investigated the expression of ALK5 in LLC cells under hypoxia. As expected, ALK5 expression was increased in LLC cells under hypoxia over time. Because the hypoxic condition could enhance TGF‐β1 secretion from LLC cells, we supposed that increased ALK5 and TGF‐β1 under hypoxia might potentiate the TGF‐β/Smad signaling pathway in LLC cells. In contrast, TGF‐β stimulation did not influence the hypoxia signal, although several reports have been published showing that the TGF‐β/Smad pathway regulates the hypoxia signal. These contradictory results might be due to cell‐type dependency. We will explore this possibility in future investigations.

In contrast to our findings, Heikkinen *et al*.[20](#cas12773-bib-0020){ref-type="ref"} demonstrate that hypoxia inhibits TGF‐β signaling via dephosphorylation of Smad3 by the protein phosphatase 2A (PP2A). However, Heikkinen *et al*. kept cells under hypoxia for only 16 h before stimulation of the cells with TGF‐β for 3 h, whereas we performed all experiments using cells that were maintained under hypoxia for 14 days. It has been postulated that the TGF‐β/Smad pathway might be differently regulated dependent on the length of time when cells are exposed to hypoxia owing to direct or indirect control via the hypoxia signaling pathway.[32](#cas12773-bib-0032){ref-type="ref"} In our experiments using LLC cells, LLC cells had to be cultured under hypoxia for over 10 days to reveal high responsiveness to TGF‐β. It is possible that hypoxia invokes epigenetic alteration to change the expression pattern of transcription factors in cells.[32](#cas12773-bib-0032){ref-type="ref"}, [33](#cas12773-bib-0033){ref-type="ref"}, [34](#cas12773-bib-0034){ref-type="ref"}, [35](#cas12773-bib-0035){ref-type="ref"} Alternatively, responsiveness to hypoxia might differ among the cells investigated. We will try to solve these issues in future, although long‐term exposure of LLC cells to hypoxia seems to mimic the tumor microenvironment.

Lewis lung carcinoma cells carrying an EGFP expression vector controlled under HRE could become a useful tool for detecting hypoxic areas *in vivo* when LLC cells are implanted in mice (Fig. [6](#cas12773-fig-0006){ref-type="fig"}). When we indeed confirmed that the hypoxia signal could enhance phosphorylation of Smad2, most of the red areas overlapped the green areas, indicating that TGF‐β/Smad signaling is possibly augmented upon hypoxia signaling. VEGF, a target gene for hypoxia signaling, can induce TGF‐β expression in tumors.[36](#cas12773-bib-0036){ref-type="ref"}, [37](#cas12773-bib-0037){ref-type="ref"} Thus, there is another possibility that TGF‐β secreted via VEGF production from tumors coordinately activates the TGF‐β/Smad pathway in concert with enhanced expression of ALK5 in LLC cells.
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**Fig. S1.** Long‐term hypoxia potentiates BMP signaling.
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